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There is an intense debate concerning whether selection or demographics has been most important in shaping the
sequence variation observed in modern human mitochondrial DNA (mtDNA). Purifying selection is thought to be
important in shaping mtDNA sequence evolution, but the strength of this selection has been debated, mainly due to
the threshold effect of pathogenic mtDNA mutations and an observed excess of new mtDNA mutations in human
population data. We experimentally addressed this issue by studying the maternal transmission of random mtDNA
mutations in mtDNA mutator mice expressing a proofreading-deficient mitochondrial DNA polymerase. We report a
rapid and strong elimination of nonsynonymous changes in protein-coding genes; the hallmark of purifying selection.
There are striking similarities between the mutational patterns in our experimental mouse system and human mtDNA
polymorphisms. These data show strong purifying selection against mutations within mtDNA protein-coding genes. To
our knowledge, our study presents the first direct experimental observations of the fate of random mtDNA mutations
in the mammalian germ line and demonstrates the importance of purifying selection in shaping mitochondrial
sequence diversity.
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Introduction
Mammalian mitochondrial DNA (mtDNA) has a high
mutation rate and is inherited in a non-Mendelian manner
only from the mother [1,2]. Though there are reports of
mitochondrial recombination in mammals, it is thought to be
quite rare, and it is currently not known whether this
phenomenon would be at a sufficient frequency to leave a
signature in the population [3–6]. This asexual mode of
transmission should leave the mitochondrial genome vulner-
able to mutational meltdown by Muller’s Ratchet, a process
leading to deleterious mutation accumulation in asexual,
nonrecombining lineages. The bottleneck phenomenon,
which was first proposed after observation of rapid fixation
of mitochondrial DNA variants in Holstein cows [7,8], allows
for rapid exposure of variant mtDNAs to selection at the level
of the individual [9], and may thereby, at the level of the
population, protect against mutational meltdown.
The over 100,000 mtDNA molecules in the mammalian
oocyte do not undergo replication through the early stages of
embryogenesis [2]. Therefore, these maternally derived
mtDNA molecules are segregated through cell division events
in the developing embryo to generate primordial germ cells
with approximately 950–1,550 mtDNA copies [10]. Replica-
tion of mtDNA is reinitiated as the primordial germ cells
migrate and differentiate to generate oocytes transmitting
mtDNA to the next generation [2,11]. The mtDNA bottleneck
appears to result from the replication of only a small subset
of the mtDNA molecules as the primordial germ cells
differentiate to generate oocytes [10].
It has long been thought that animal mtDNA is an essentially
neutral marker of sequence evolution [1], but evidence of the
selective constraints on mtDNA is accumulating. Studies of
animal mtDNA sequence variation within natural populations
or in interspecies comparisons consistently show the signa-
tures of negative selection (e.g., [12–14]). For humans, a
considerable amount of mtDNA sequence is available from
individuals as a result of studies into human evolution and
human mtDNA diseases [15,16]. Analyses of the variation in
human mtDNA sequences have led to a debate whether
random genetic drift (dependent on demographic history),
positive selection, or purifying selection is important in the
transmission and maintenance of this variation. [17,18].
Consensus is forming that selection is an important part of
mtDNA sequence variation in humanmtDNA, but the strength
and nature of this selection are unresolved [18]. Population-
level studies detect signatures of purifying selection in mtDNA
sequence variation [19–26], but recent accumulated variation
within human populations implies neutrality or weak selection
on these variants [25]. Findings from studies of mtDNA
mutation inheritance in families with mtDNA-associated
disease are compatible with the occurrence of only very weak
or no selection on these mtDNA mutations [17,27]. Positive
selection facilitated by climatic variation has recently been
proposed for human mtDNA [28–30] and would profoundly
affect the reliability of mitochondrial molecular clocks and
drastically alter our understanding of human divergences.
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In an attempt to elucidate the mechanisms of mammalian
mtDNA segregation in the germ line, several groups
generated transmitochondrial mouse strains carrying two
distinct mtDNA sequences (a condition known as hetero-
plasmy). These transmitochondrial mice are generated by
embryo–cytoplast fusions and exhibit germ line segregation
patterns explainable by random drift [31–34]. However,
tissue-specific segregation patterns within the offspring imply
strong nuclear–mitochondrial interactions and suggest that
molecular mechanisms exist that could allow for strong
selection of mitochondrial variants within offspring [33,35–
37]. Unfortunately, the technical complexities of the trans-
mitochondrial technologies have much limited their use by
research groups, and so far only a few sequence variants have
been investigated.
The mtDNA mutator mice are homozygous for a knock-in
allele (PolgAmut/PolgAmut) expressing a proofreading-deficient
catalytic subunit of mitochondrial DNA polymerase [38].
These mice have a substantial increase in the levels of mtDNA
mutation in all investigated tissues. The somatic mutations
generated are evenly distributed along an amplified fragment
of the protein-coding mt-CYB gene of mtDNA, and all three
codon positions are mutated at equal frequency, though
transition mutations were more frequently observed than
transversions [38]. In this study, we took advantage of this
high mtDNA mutation rate to study the transmission of
random mtDNA mutations in the mouse germ line. Female
lineages were derived from mtDNA mutator mice by
continuous backcrossing, allowing us to isolate, segregate,
and characterize germ line mtDNA mutations.
Results
We used eight mtDNA mutator founder females to
establish independent maternal lines through 13 F1 females.
The breeding scheme used (Figure 1) takes advantage of the
bottleneck phenomenon and allowed us to segregate the
mtDNA mutations on a wild-type PolgA nuclear background
from generation N2 and onwards. Sequencing was conducted
from N2 onwards to sample only animals of wild-type PolgA
nuclear background, and because levels of individual muta-
tions in mtDNA mutator mice and N1 animals were too low
to be detected by the sequencing methods employed.
We sequenced the entire mtDNA of 190 animals from
generations N2 to N6 and identified 1,069 unique mutations
(Dataset S1). The typical animal carried approximately 30
mtDNA mutations (mean ¼ 29.8 mutations, standard devia-
tion ¼ 9.2). In each line, a large proportion of the identified
mtDNA mutations (38.48%) were transmitted to the descend-
ents of that particular N1 female, similar to the propagation
of mtDNA haplogroups in human pedigrees. Other mutations
were only observed in the siblings of a single litter (17.98%)
or in a single mouse (43.54%), but not in their offspring.
Consistent with purifying selection acting on the mtDNA of
these mouse lines, synonymous mutations were observed
more frequently than nonsynonymous mutations. The ratio
of nonsynonymous substitutions per site to synonymous
substitutions per site for the protein-coding regions gave a
value of 0.6035, signifying purifying selection against amino
acid changes in the protein-coding genes (values less than 1.0
signify purifying selection). When mutations that occur only
in an individual or a single litter were removed from the
dataset, the ratio dropped to 0.4617. The McDonald-Kreit-
man test of neutral evolution [39] and the accompanying
Neutrality Index [40] were calculated for our mtDNA mutator
lines, and gave values consistent with excess polymorphisms
within our mtDNA mutator lines compared to either Mus
musculus molossinus or the NZB mouse strain mtDNA
sequences (see Table S1).
We found a strong decrease in the number of mutations at
the first and second codon positions of the protein-coding
genes when compared to the third codon positions (Figure 2A
and Table S2A). This distribution of mutations is a hallmark
of purifying selection, because changes in the first and second
codon position usually result in an amino acid substitution,
whereas many third codon position changes do not. This
purifying selection is strong and rapid as the same codon
distribution bias is evident in the N2 generation (Figure S1).
The observed nucleotide mutational bias in protein-coding
genes varied significantly from those observed for the other
sites in the mtDNA molecule (chi-square contingency table, p
¼ 0.0023) thus showing differential selection pressures on the
protein-coding genes versus other sites (Table 1).
We observed the same selective signature against first and
second codon positions when we compared 21 mouse-strain
mtDNA sequences obtained from GenBank (Figure 2B) and
human mtDNA sequence data obtained from the mtDB
database [16] (Figure 2C and Table S2B). There was a similar
level of reduction of first codon position mutations in
comparison with third codon position mutations in mtDNA
mutator lines (2.0-fold reduction; Figure 2A) and humans
(2.6-fold reduction; Figure 2C). This striking similarity is
surprising because the mtDNA mutator strains have under-
gone selection for at most six generations, whereas human
sequence variation is the consequence of a much larger
number of generations to act on these less deleterious
substitutions. This illustrates the speed and strength of the
selection on the mtDNA and its importance in sculpting
modern mtDNA variation in natural populations. It also
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Author Summary
Mammalian mitochondrial DNA (mtDNA) is maternally transmitted
and does not undergo bi-parental recombination in the germ line.
This asexual mode of transmission, together with a high rate of
mutation, should eventually lead to the accumulation of numerous
deleterious mtDNA mutations and a ‘‘mutational meltdown’’ (a
phenomenon know as Muller’s Ratchet). In this study, we utilized a
genetic mouse model, the mtDNA mutator mouse, to introduce
random mtDNA mutations, and followed transmission of these
mutations. Maternal transmission of mtDNA is typically subjected to
a bottleneck phenomenon whereby only a fraction of the mtDNA
copies in the germ-cell precursor are amplified to generate the
approximately 105 mtDNA copies present in the mature oocyte. As a
consequence of this phenomenon, the established maternal mouse
lines carried high levels of a few mtDNA mutations. We sequenced
the entire mtDNA to characterize the maternally transmitted
mutations in the established mouse lines. Surprisingly, mutations
causing amino acid changes were strongly underrepresented in
comparison with ‘‘silent’’ changes in the protein-coding genes.
These results show that mtDNA is subject to strong purifying
selection in the maternal germ line. Such selection of functional
mtDNA genomes likely involves a mechanism for functional testing
to prevent transmission of mutated genomes to the offspring.
demonstrates this experimental model can be a powerful tool
in investigation of mtDNA evolution. The smaller number of
nonsynonymous changes in the mouse strains (Figure 2B) in
comparison with mtDNA mutator lines (Figure 2A) can
probably be explained by the limited sampling of only one
individual from each of the 21 different mouse strains. In
addition, it should be emphasized that the mtDNA mutator
mice have been exposed to the effects of purifying selection
for only a few generations.
We further investigated the observed selection on protein-
coding genes in the mtDNA mutator lines by separating the
mutations at 4-fold degenerate sites (third codon positions
for amino acids L2, V, A, T, P, S1, R, and G) from all other
protein-coding mutations. The 4-fold degenerate sites can
mutate to any nucleotide without changing the encoded
amino acid and should therefore be subject to less selective
constraint than other protein-coding sites. Expected values
were calculated based on an assumption of an equal
distribution of the observed mutations of these two classes,
across the genes and corrected for their coding size. The
ratios between observed and expected mutation frequencies
at 4-fold degenerate sites were approximately equal in all of
the protein-coding genes except for mt-ND2 and mt-ATP8
(Figure 3A and Table S3A). In contrast, mutations at the non–
4-fold degenerate sites deviated profoundly from the ratios
predicted by equal distribution of mutations (Figure 3A).
Contingency table analysis was carried out to detect changes
in the proportion of 4-fold degenerate site mutations to
other sites within the protein-coding genes. The 13 protein-
coding subunits were grouped by the oxidative phosphor-
ylation (OXPHOS) enzyme complex to which they belong.
Only complexes III (containing mt-CYTB) and complex IV
(containing mt-CO1–3) showed statistically significant changes
in the ratio of 4-fold to non–4-fold sites (see Table 2). After
correcting for multiple tests, only the complex IV data
remained significant. Interestingly, the mt-ATP8 and mt-ATP6
subunits appear to allow for excess changes at all sites relative
to the expected values, though the ratio of 4-fold to non–4-
fold sites did not vary significantly (Figure 3A). Analyses of
human mtDNA sequences have shown a similar occurrence of
excess sequence variation in the mt-ATP8 and mt-ATP6 genes,
particularly evident for the mt-ATP6 gene [23–25,28]. These
previous reports lead us to investigate available human
sequence data, and we found a strong selection against
non–4-fold degenerate changes in mt-CO1 versus the weaker
selection in mt-ATP6, mt-ATP8, and mt-CYTB (Figure 3B and
Table S3B). Observed mutations for each protein gene for
mtDNA mutator lines and human population showed the
Figure 1. The Breeding Scheme for the Mutagenesis of Mouse mtDNA
The PolgAmut/PolgAmut mtDNA mutator females were derived from mothers with wild-type C57Bl/6 mtDNA. The mtDNA mutators, and all subsequent
generations, were crossed to wild-type C57Bl/6 males. Heterozygous (þ/PolgAmut) N1 female progeny were used to establish the 13 mtDNA mutator
lines. Only females that were homozygous for the wild-type PolgA allele (þ/þ) were bred from generation N2 and onwards.
doi:10.1371/journal.pbio.0060010.g001
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same variation from expected in 11 of 13 cases (Figure 3C).
Thus, sequence variation in protein-coding genes of this
experimental mouse model demonstrates similar patterns to
those seen in human populations.
In contrast to the patterns found in the protein-coding
genes, we found higher levels of mutations in tRNA and rRNA
genes in the mtDNA mutator lines (Figure 4A) in comparison
to the levels in mouse strains and humans (Figure 4B and 4C).
There are several observations from human mtDNA disease
that imply that tRNA genes may be subject to a less rapid
form of purifying selection than that observed for the
protein-coding genes of our mtDNA mutator mouse lines:
(1) Population-level sampling has revealed an increase in
recent mtDNA sequence variation within tRNA and rRNA
genes in humans [30,41]; (2) 58.2% of the known pathogenic
human mtDNA mutations are located in the tRNA genes,
although these genes only occupy 9.1% of the genome [42],
implying that these changes are, at low levels of heteroplasmy,
more compatible with life than some protein-coding muta-
tions; and (3) disease-causing tRNA gene mutations reach
high heteroplasmic levels, or sometimes must be homoplas-
mic, before the onset of disease [43,44]. A less acute, but
equally important, mechanism of purifying selection appears
to be acting on tRNA genes. This may explain why the
corresponding mutations are not removed as rapidly from
the mtDNA mutator mouse lines.
A very low mutation rate was observed for the control
region of mtDNA mutator strains (Figure 4A), despite the fact
that the control region sequences are normally the most
variable regions in mtDNAs. A reduction in the number of
mutations within the control region was also reported in the
somatic tissues of the mtDNA mutator mice [38], though a
mechanism to explain this observation is still elusive.
Discussion
We present experimental evidence for strong purifying
selection against nonsynonymous mutations in protein-
coding genes during maternal transmission of mutated
mtDNA in the mouse. The drastic reduction of mutations
Figure 2. Mutation Distribution by Codon Position Reveals Purifying Selection on Protein-Coding Genes in mtDNA Mutator Lines
Plot of observed mtDNA mutations grouped by positional category.
(A) Observed mutations per base pair for each codon position from mtDNA mutator lines compared to (B), mtDNA sequences of 21 mouse strains
obtained from GenBank, and (C), human mtDNA sequences obtained from the mtDB database. The reduction in observed first and second codon
position mutations signifies selection against amino acid–changing mutations. Due to the larger number of human sequences available, the y-axis is
larger for the human dataset.
doi:10.1371/journal.pbio.0060010.g002
Table 1. Observed Nucleotide Mutational Bias in Protein Coding and Non-Protein Coding Sites in mtDNA Mutator Lines
Nucleotide in Wild Type Site Nucleotide in Mutant Deletion
A G C T
A Protein genes — 140 (19.5%) 11 (1.5%) 101 (14.1%) 1 (0.1%)
Other sites — 78 (22.2%) 10 (2.8%) 45 (1.1%) 4 (1.1%)
G Protein genes 45 (6.3%) — 1 (0.1%) 2 (0.3%) 0 (0%)
Other sites 27 (7.7%) — 3 (0.9%) 1 (0.3%) 0 (0%)
C Protein genes 7 (1.0%) 6 (0.8%) — 255 (35.6%) 0 (0%)
Other sites 2 (0.6%) 6 (1.7%) — 81 (23.0%) 3 (0.9%)
T Protein genes 34 (4.7%) 12 (1.7%) 102 (14.2%) — 0 (0%)
Other sites 25 (7.1%) 13 (3.7%) 53 (15.1%) — 1 (0.3%)
The number of mutations of each type and the percentage of mutations represented by that substitution class (in brackets) are shown. Values in bold were used in the chi-square
contingency table.
doi:10.1371/journal.pbio.0060010.t001
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Figure 3. Distribution of Mutations by Gene for mtDNA Mutator Lines and Human mtDNA Sequence Data
Plot of observed minus expected ratio of 4-fold degenerate sites versus all other protein-coding sites.
(A) For mtDNA mutator mouse lines, the ratio of observed to expected sites is plotted for third codon position mutations at 4-fold degenerate sites
(filled bars), and for all other protein-coding gene mutations observed (open bars). The line represents the observed expected values normalized to 1.0.
(B) The same plot for observed human variants found on the mtDB database.
(C) Plot of observed minus expected for non–4-fold degenerate sites for mouse (filled bar) and human (open bars). Genes are grouped by mitochondrial
respiratory chain complexes. Expected values are derived from an assumption of equal distribution of the observed mutations in the dataset, and
observed values are derived from a count of the detected mutations for that gene (see Material and Methods).
doi:10.1371/journal.pbio.0060010.g003
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in the amino acid changing first and second codon positions
of protein-coding genes are a direct result of purifying
selection against deleterious mtDNA mutations at some stage
within the reproductive cycle of these mice. This bias occurs
rapidly and is evident as early as the N2 generation. These
findings have profound implications for our understanding
of how mutated mtDNA is transmitted between generations.
It is important to recognize that this strong purifying
selection against nonsynonymous changes that we observe is
likely to be a universal phenomenon in mammals, but the
rapid nature of this selective force would render these
mutations difficult to detect in population studies. These
findings have profound implications for our understanding
of how mutated mtDNA is transmitted between generations.
Within studies of human mtDNA evolution, the observa-
tion is that many substitutions are not ancient changes shared
deep within human haplogroups, but rather are new variants
clustered within the tips of phylogenetic networks and found
only in a small number of individuals. This implies they are
mildly deleterious variants not yet selected against [23,26,30].
Studies of disease-causing mtDNA mutations show they are
often heteroplasmic, and can be present at high levels without
consequence for the carrier. However, once the levels exceed
a specific threshold, the respiratory chain function will be
impaired, causing a clinical phenotype [11]. Based on these
observations, when using the mtDNA mutator mouse to study
germ line transmission of mtDNA mutations, one could
expect to observe the inheritance of high numbers of
mutations at all sites in the early generations, which would
eventually be removed from the mouse lines once their
phenotypic thresholds had been crossed. Whereas the
inheritance of the tRNA, rRNA, and third codon position
mutations appear to be following this expected pattern (see
Figures 2 and 4), this is not the behaviour of mutations at the
nonsynonymous first and second codon positions in our
mouse lines (Figure 2).
The strongest signature of purifying selection can be
observed within mt-CO1 and mt-CO2, consistent with the very
high levels of sequence conservation in these genes. The
strength and speed of this purifying selection could have
other effects on the mutation patterns observed in our model.
The consensus view is that bi-parental recombination of
mammalian mtDNA is at most extremely rare [3–6] and
therefore selection acting at any one site in the mtDNA will
affect the entire mtDNA molecule. The observed strong and
rapid selection of mtDNA mutations could therefore also
reduce the number of neutral variants observed, due to their
linkage to deleterious mutations. This means that 4-fold
degenerate sites or even noncoding mutations might not be
the reliable measure of the mitochondrial neutral mutation
rate. Such an underestimation of the mtDNA mutation rate
using phylogenetic or population methods relative to
pedigree-based observation has been reported previously
[45–47]. If this is the case, the models based on this
assumption require recalibration.
This point is also important in interpreting the excess
change observed for the mt-CYB, mt-ATP6, and mt-ATP8 genes
in mtDNA mutator lines. Similar gene-specific increases of
mutations have been reported in human mtDNA, especially
in mt-ATP6 [23–25,28,29]. Though some argue that this
signifies positive selection, the pattern may also be due to
less-intense purifying selection on these specific genes. If
Table 2. Comparison of 4-Fold Degenerate Sites to Other Sites
for Each Mitochondrial-Encoded OXPHOS Enzyme Complex
Complex 4-Fold
Degenerate Sites
Remaining
Sites
p-Value
I 101 294 n.s.
III 19 76 0.031
IV 50 110 0.012
V 20 47 n.s.
Fisher exact test of a contingency table comparing that complex to the summed data of
the remaining complexes is shown. Tests showing no significance before the multiple
sampling correction are indicated by n.s.; p-values are reported for a , 0.05. Complex IV
was still significant after application of the Bonferroni correction, whereas complex III fails
after correction.
doi:10.1371/journal.pbio.0060010.t002
Figure 4. Relaxed Selection on rRNA and tRNA Genes in mtDNA Mutator Lines
Plot of observed mtDNA mutations grouped by positional category.
(A) Observed mutations in tRNA, rRNA, and control region sequences compared with (B) mouse strain sequences and (C) human mtDNA sequences.
Due to the larger number of human sequences available, the y-axis is larger for the human dataset.
doi:10.1371/journal.pbio.0060010.g004
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mutations at mt-ATP6 experience less-selective constraint,
mutations at these sites will be allowed to accumulate and
persist in the mtDNA pool. Meanwhile, mutations at strongly
selected sites, such as mt-CO1 and mt-CO2, are eliminated,
leading to the relative increase in the observed frequency of
mt-ATP6 and mt-ATP8 mutations in our model organisms.
In contrast to the rapid selection against nonsynonymous
changes, rRNA and tRNA genes experienced less-intense
purifying selection in our mtDNA mutator lines. Though
tRNA genes also have high levels of sequence conservation,
the frequency of observed mutations at these sites in our
mouse lines was quite similar to the rate observed at third
codon positions (Figures 2A and 4A). Some of the identified
tRNA mutations, e.g., the deletion of one base in the
anticodon loop of mt-TM (3873delC mutation) can be
predicted to have a biochemical effect if present at high
levels. Previous models have mainly been based on observa-
tional studies of transmission of mutated mtDNA in human
pedigrees affected by mitochondrial disease. Such threshold-
mediated protection from selection should lead to slower
purifying selection of the mtDNA variant, which may be
reflected in the essentially neutral segregation patterns
observed for disease-causing mutations prior to clinical
manifestation [11,17,27,48].
It is plausible that these tRNAs, as well as a number of the
nonsynonymous changes in the protein-coding genes in our
model system, may eventually behave like human mtDNA
disease mutations in that these mutations are transmitted and
cause no obvious phenotype at low levels, but may be selected
against or cause a disease-like phenotype at higher levels. We
will continue sampling our lines to investigate the long-term
fate of the observed tRNA gene mutations, as well as the
stably transmitted nonsynonymous protein-coding gene
changes.
In the mtDNA mutator mice, the mutations within protein-
coding genes are equally distributed across all three codon
positions [38,49], whereas the pattern of mutation accumu-
lation is different in the mtDNA mutator lines. It has
previously been proposed that mitochondrial fitness may be
selected for during oocyte development [50], and it is
therefore quite possible that mtDNA in germ cells is under
a different selective regime than the mtDNA in somatic cells.
There is a massive proliferation of mtDNA during oogenesis,
whereby a small number of mtDNA copies in the primordial
germ cells are extensively amplified to generate the approx-
imately 105 mtDNA copies in the mature oocyte [2,50]. This
mechanism provides ample opportunities for functional
testing of mtDNA during female germ-cell development,
and future research is required to unravel molecular
mechanisms responsible for this selection.
Our experimental strategy has allowed us to look at the fate
of a broad spectrum of mtDNA variation, and we report
evidence of strong purifying selection in the mouse female
germ line. All of the generated mtDNA mutator mouse lines
showed the same strong reduction in nonsynonymous
substitutions, exemplified by the reduction in first and
second codon position mutations. This pattern is also seen
in human populations and implies that purifying selection
has a similar, drastic impact on the mtDNA variation in
humans despite different demographic histories. The RNA
genes, in contrast, appear to accumulate at levels approx-
imating the synonymous third codon positions. These
mutations are expected to eventually raise to high-enough
levels and lead to impaired mitochondrial function in a
manner similar to the threshold effect seen in human mtDNA
disease. The data generated from this experimental model
will allow us to build more accurate molecular models of
mtDNA evolution and aid the understanding of inheritance
patterns of human mtDNA disease mutations.
Materials and Methods
Mouse strains and generation of mouse lines. Heterozygous knock-
in male mice (PolgAmut/þ) [38] were crossed to C57Bl/6NCrl females
(Charles River Laboratories). Resulting heterozygous mice were
intercrossed to obtain female homozygous knock-in mice (PolgAmut/
PolgAmut). We performed crosses of mtDNA mutator females to wild
type C57Bl/6 males to produce N1 females. Maternal mouse lines were
then established by successive backcrossing of females to C57Bl/6
males (Figure 1). The genotype at the PolgA locus was determined as
described previously [38], and from the N2 generation onwards, only
mice homozygous for the wild-type PolgA-allele were used in the
study. In two cases, we bred heterozygous knock-in females from the
N2 generation because of small litter sizes. In these two lines, all
animals were homozygous for the wild-type PolgA-allele from
generation N3 and onwards.
This animal study was approved by the animal welfare ethics
committee and performed in compliance with Swedish law.
DNA amplification and sequencing. Pups were weaned at 21–25 d,
and tissue from an ear punch was used for DNA isolation, as
previously described [51], except that the DNA was purified by
phenol:chloroform:isoamyl alcohol (25:24:1) and chloroform extrac-
tion, followed by sodium acetate salt and ethanol precipitation. DNA
was dissolved in an appropriate volume of deionised water.
The mtDNA genome of each animal was amplified in 29
overlapping PCR reactions (Table S4). All PCR primers contain 59
M13F or M13R sequence to use as sequencing primers. PCR samples
were cleaned using the Agencourt AMPure PCR purification and
directly sequenced in both directions using BigDye version 3.1
sequencing kit (ABI). Cycle sequencing reactions were cleaned by
precipitation (ABI protocol) or by the Agencourt CleanSEQ Dye-
terminator removal kit.
Data analysis. The sequence reactions were analysed on a 3130xl
capillary sequencer (ABI), and assembled and analysed for hetero-
plasmies and substitutions using SeqScape V2.5 software (ABI) and
compared to our C57Bl/6 mtDNA reference sequence. The software
identified heteroplasmy or substitutions at 25% signal intensity on
both strands of DNA sequence. All heteroplasmies were confirmed by
eye. All mutation sites are potentially heteroplasmic in this analysis,
due to these detection thresholds in sequencing technology [52]. The
wild-type C57Bl/6 mtDNA sequence used in this study varied from
that presented in GenBank (http://www.ncbi.nlm.nih.gov/Genbank)
accession number NC_005089.1 in two sites; position 9,461 was C
(synonymous change at amino acid 1 of mt-ND3) and position 11,515
was A (S450N, nonsynonymous change in mt-ND4). Two poly-A tracts
in the mouse genome could not be reliably scored for insertion and
deletions due to sequencing complications. We therefore ignored
insertions/deletions at positions 5,160–5,191 (origin of light strand
replication) and 9,821–9,830 (polymorphic region of mt-tR).
The following mouse sequences were used for comparison of strain
variation, GenBank accession numbers: AB042432, AB042523,
AB042524, AB042809, AB049357, AJ489607, AJ512208, AY339599,
AY466499, AY533105, AY533106, AY533107, AY533108, AY675564,
AY999076, DQ106412, DQ106413, J01420, L07095, L07096, and
V00711. Sequences were aligned to the wild-type C57Bl/6 mtDNA
sequence, and all variations were scored.
Human mtDNA sequence data were obtained from the mtDB
human database (http://www.genpat.uu.se/mtDB/; accessed February
2007) [16]. Variants were classified as all observed sequence changes
from the most prominently observed nucleotide at the given position
in the database.
Codon usage for our C57Bl/6 line was calculated using CodonW
version 1.3 (John Peden, http://codonw.sourceforge.net//). The codon
usage was used to calculate the number of synonymous and
nonsynonymous substitution sites in the C57Bl/6 mtDNA genome.
The number of 4-fold degenerate sites versus other sites for the
protein-coding genes was derived from codon usage calculations on
each protein-coding gene. Expect values (Figure 3A and 3B) made the
assumption of a random distribution of observed mutations across
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the mtDNAmolecule. The genome total of observed mutations within
each class was multiplied by the proportion of those sites encoded for
each gene. Observed mutations are reported as the number of
mutations for that gene detected, multiplied by the proportion of
sites for that class within that gene.
Statistical tests. Comparison of nucleotide biases was conducted
using a contingency analysis on the data supplied in Table 1. The
analysis was performed on the eight substitution classes, where all
observed values were greater than six. The variation was observed to
be significant (chi-square test, p¼ 0.0023, 7 df).
Comparisons of the 4-fold versus non–4-fold mutations for each
mitochondrial OXPHOS enzyme complex were carried out using the
Fisher exact test on a contingency table comparing each enzyme
subunit to the sum of mutations for the remaining complexes. The
Bonferroni correction for multiple testing of the data was applied
when determining significance.
Supporting Information
Dataset S1. Compilation of Observed Mutations in mtDNA Mutator
Mouse Lines
Found at doi:10.1371/journal.pbio.0060010.sd001 (1.2 MB DOC).
Figure S1. Plot of mtDNA Protein-Coding Mutations Observed by
Codon Position in the N2 Generation
The mutations per base pair observed in N2 animals are plotted by
codon position and divided into synonymous (open bars) and
nonsynonymous (filled bars) substitutions. A total of 343 mutations
were observed: 90 in the first codon position (19 synonymous and 71
nonsynonymous), 70 in the second, and 183 in the third (165
synonymous and 18 nonsynonymous).
Found at doi:10.1371/journal.pbio.0060010.sg001 (1.1 MB AI).
Table S1. McDonald-Kreitman Test of Neutrality Conducted on the
mtDNA Mutator Mouse Lines
Values calculated for the McDonald-Kreitman (MK) test of neutrality
[39] and the accompanying Neutrality Index (NI) [40], comparing the
mtDNA mutator line dataset to the mtDNA sequences of M. m.
molossinus and M. m. domesticus NZB mouse strains. The mtDNA
mutator lines show statistically significant excess of mtDNA non-
synonymous mutations when compared to either outgroup (p-values
of a 23 2 contingency table using the Fisher exact test are reported).
Values are also provided when comparing M. m. molossinus mtDNA to
the NZB and C57Bl/6 mtDNA sequences (also statistically significant
excess in nonsynonymous substitutions).
Found at doi:10.1371/journal.pbio.0060010.st001 (30 KB DOC).
Table S2. Observed Mutations in Mouse Lines, by Class
Data accompanying Figures 2A and 4A. These values were divided by
the number of nucleotides represented by (A) protein-coding genes
divided into synonymous and nonsynonymous mutations and (B)
tRNAs, rRNAs, and the control region.
Found at doi:10.1371/journal.pbio.0060010.st002 (32 KB DOC).
Table S3. Mutation Occurrence at 4-Fold Degenerate Sites and All
Other Protein-Coding Sites, by Gene
Data accompanying Figure 3. The expected values were calculated as
a proportion of the total observed hits, equally distributed across the
number of sites per gene for the two data classes for (A) mtDNA
mutator mouse lines and (B) the human mtDB dataset.
Found at doi:10.1371/journal.pbio.0060010.st003 (73 KB DOC).
Table S4. Primers Used for Mouse mtDNA Amplification and
Sequencing
Found at doi:10.1371/journal.pbio.0060010.st004 (89 KB DOC).
Accession Numbers
The GenBank (http://www.ncbi.nlm.nih.gov/Genbank) accession num-
bers for the mouse sequences used for comparison of strain variation
to the wild-type C57Bl/6 mtDNA sequence (DQ106412) are as follows:
AB042432, AB042523, AB042524, AB042809, AB049357, AJ489607,
AJ512208, AY339599, AY466499, AY533105, AY533106, AY533107,
AY533108, AY675564, AY999076, DQ106413, J01420, L07095, L07096,
and V00711.
Acknowledgments
Author contributions. JBS, AT, and NGL conceived and designed
the experiments. JBS, CF, AW, and ZC performed the experiments.
JBS and JLE analyzed the data. AT contributed reagents/materials/
analysis tools. JBS, CF, JLE, and NGL wrote the paper.
Funding. This study was supported by the Swedish Research
Council, Torsten and Ragnar So¨derbergs Stiftelse, the Swedish Heart
and Lung Foundation and EUMITOCOMBAT. JBS is supported by a
postdoctoral fellowship from the Wenner-Gren Stiftelserna. JLE is
supported by a Research Council UK RCUK Academic fellowship. AT
is supported by grants from the Swedish Research Council, A˚ke
Wiberg Foundation, Funds of Karolinska Institutet, Gun and Bertil
Stohnes Foundation, and Loo and Hans Ostermans Foundation.
Competing interests. The authors have declared that no competing
interests exist.
References
1. Ballard JW, Whitlock MC (2004) The incomplete natural history of
mitochondria. Mol Ecol 13: 729–744.
2. Shoubridge EA, Wai T (2007) Mitochondrial DNA and the mammalian
oocyte. Curr Top Dev Biol 77: 87–111.
3. Enriquez JA, Cabezas-Herrera J, Bayona-Bafaluy MP, Attardi G (2000) Very
rare complementation between mitochondria carrying different mitochon-
drial DNA mutations points to intrinsic genetic autonomy of the organelles
in cultured human cells. J Biol Chem 275: 11207–11215.
4. Piganeau G, Eyre-Walker A (2004) A reanalysis of the indirect evidence for
recombination in human mitochondrial DNA. Heredity 92: 282–288.
5. Elson JL, Lightowlers RN (2006) Mitochondrial DNA clonality in the dock:
can surveillance swing the case? Trends Genet 22: 603–607.
6. Innan H, Nordborg M (2002) Recombination or mutational hot spots in
human mtDNA? Mol Biol Evol 19: 1122–1127.
7. Hauswirth WW, Laipis PJ (1982) Mitochondrial DNA polymorphism in a
maternal lineage of Holstein cows. Proc Natl Acad Sci U S A 79: 4686–
4690.
8. Olivo PD, Van de Walle MJ, Laipis PJ, Hauswirth WW (1983) Nucleotide
sequence evidence for rapid genotypic shifts in the bovine mitochondrial
DNA D-loop. Nature 306: 400–402.
9. Bergstrom CT, Pritchard J (1998) Germline bottlenecks and the evolu-
tionary maintenance of mitochondrial genomes. Genetics 149: 2135–2146.
10. Cao L, Shitara H, Horii T, Nagao Y, Imai H, et al. (2007) The mitochondrial
bottleneck occurs without reduction of mtDNA content in female mouse
germ cells. Nat Genet 39: 386–390.
11. McFarland R, Taylor RW, Turnbull DM (2007) Mitochondrial disease—its
impact, etiology, and pathology. Curr Top Dev Biol 77: 113–155.
12. Nachman MW, Brown WM, Stoneking M, Aquadro CF (1996) Nonneutral
mitochondrial DNA variation in humans and chimpanzees. Genetics 142:
953–963.
13. Nachman MW (1998) Deleterious mutations in animal mitochondrial DNA.
Genetica 102–103: 61–69.
14. Rand DM, Kann LM (1998) Mutation and selection at silent and replace-
ment sites in the evolution of animal mitochondrial DNA. Genetica 102–
103: 393–407.
15. Ruiz-Pesini E, Lott MT, Procaccio V, Poole JC, Brandon MC, et al. (2007) An
enhanced MITOMAP with a global mtDNA mutational phylogeny. Nucleic
Acids Res 35: D823–D828.
16. Ingman M, Gyllensten U (2006) mtDB: Human Mitochondrial Genome
Database, a resource for population genetics and medical sciences. Nucleic
Acids Res 34: D749–D751.
17. Chinnery PF, Thorburn DR, Samuels DC, White SL, Dahl HM, et al. (2000)
The inheritance of mitochondrial DNA heteroplasmy: random drift,
selection or both? Trends Genet 16: 500–505.
18. Pakendorf B, Stoneking M (2005) Mitochondrial DNA and human
evolution. Annu Rev Genomics Hum Genet 6: 165–183.
19. Hasegawa M, Cao Y, Yang Z (1998) Preponderance of slightly deleterious
polymorphism in mitochondrial DNA: nonsynonymous/synonymous rate
ratio is much higher within species than between species. Mol Biol Evol 15:
1499–1505.
20. Ingman M, Kaessmann H, Paabo S, Gyllensten U (2000) Mitochondrial
genome variation and the origin of modern humans. Nature 408: 708–713.
21. Ingman M, Gyllensten U (2001) Analysis of the complete human mtDNA
genome: methodology and inferences for human evolution. J Hered 92:
454–461.
22. Moilanen JS, Finnila S, Majamaa K (2003) Lineage-specific selection in
human mtDNA: lack of polymorphisms in a segment of MTND5 gene in
haplogroup J. Mol Biol Evol 20: 2132–2142.
23. Elson JL, Turnbull DM, Howell N (2004) Comparative genomics and the
evolution of human mitochondrial DNA: assessing the effects of selection.
Am J Hum Genet 74: 229–238.
24. Kivisild T, Shen P, Wall DP, Do B, Sung R, et al. (2006) The role of
PLoS Biology | www.plosbiology.org January 2008 | Volume 6 | Issue 1 | e100070
Purifying Selection in Mammalian mtDNA
selection in the evolution of human mitochondrial genomes. Genetics 172:
373–387.
25. Sun C, Kong Q-P, Zhang Y-P (2007) The role of climate in human
mitochondrial DNA evolution: a reappraisal. Genomics 89: 338–342.
26. Moilanen JS, Majamaa K (2003) Phylogenetic network and physicochemical
properties of nonsynonymous mutations in the protein-coding genes of
human mitochondrial DNA. Mol Biol Evol 20: 1195–1210.
27. Brown DT, Samuels DC, Michael EM, Turnbull DM, Chinnery PF (2001)
Random genetic drift determines the level of mutant mtDNA in human
primary oocytes. Am J Hum Genet 68: 533–536.
28. Mishmar D, Ruiz-Pesini E, Golik P, Macaulay V, Clark AG, et al. (2003)
Natural selection shaped regional mtDNA variation in humans. Proc Natl
Acad Sci U S A 100: 171–176.
29. Ruiz-Pesini E, Mishmar D, Brandon M, Procaccio V, Wallace DC (2004)
Effects of purifying and adaptive selection on regional variation in human
mtDNA. Science 303: 223–226.
30. Ruiz-Pesini E, Wallace DC (2006) Evidence for adaptive selection acting on
the tRNA and rRNA genes of human mitochondrial DNA. Hum Mutat 27:
1072–1081.
31. Jenuth JP, Peterson AC, Fu K, Shoubridge EA (1996) Random genetic drift
in the female germline explains the rapid segregation of mammalian
mitochondrial DNA. Nat Genet 14: 146–151.
32. Meirelles FV, Smith LC (1997) Mitochondrial genotype segregation in a
mouse heteroplasmic lineage produced by embryonic karyoplast trans-
plantation. Genetics 145: 445–451.
33. Takeda K, Takahashi S, Onishi A, Hanada H, Imai H (2000) Replicative
advantage and tissue-specific segregation of RR mitochondrial DNA
between C57BL/6 and RR heteroplasmic mice. Genetics 155: 777–783.
34. Kasahara A, Ishikawa K, Yamaoka M, Ito M, Watanabe N, et al. (2006)
Generation of trans-mitochondrial mice carrying homoplasmic mtDNAs
with a missense mutation in a structural gene using ES cells. Hum Mol
Genet 15: 871–881.
35. Jenuth JP, Peterson AC, Shoubridge EA (1997) Tissue-specific selection for
different mtDNA genotypes in heteroplasmic mice. Nat Genet 16: 93–95.
36. Battersby BJ, Shoubridge EA (2001) Selection of a mtDNA sequence variant
in hepatocytes of heteroplasmic mice is not due to differences in
respiratory chain function or efficiency of replication. Hum Mol Genet
10: 2469–2479.
37. Meirelles FV, Smith LC (1998) Mitochondrial genotype segregation during
preimplantation development in mouse heteroplasmic embryos. Genetics
148: 877–883.
38. Trifunovic A, Wredenberg A, Falkenberg M, Spelbrink JN, Rovio AT, et al.
(2004) Premature ageing in mice expressing defective mitochondrial DNA
polymerase. Nature 429: 417–423.
39. McDonald JH, Kreitman M (1991) Adaptive protein evolution at the Adh
locus in Drosophila. Nature 351: 652–654.
40. Rand DM, Kann LM (1996) Excess amino acid polymorphism in
mitochondrial DNA: contrasts among genes from Drosophila, mice, and
humans. Mol Biol Evol 13: 735–748.
41. McFarland R, Elson JL, Taylor RW, Howell N, Turnbull DM (2004)
Assigning pathogenicity to mitochondrial tRNA mutations: when ‘‘defi-
nitely maybe’’ is not good enough. Trends Genet 20: 591–596.
42. Servidei S (2003) Mitochondrial encephalomyopathies: gene mutation.
Neuromuscul Disord 13: 848–853.
43. Chinnery PF, Howell N, Lightowlers RN, Turnbull DM (1997) Molecular
pathology of MELAS and MERRF. The relationship between mutation load
and clinical phenotypes. Brain 120: 1713–1721.
44. Taylor RW, Turnbull DM (2005) Mitochondrial DNA mutations in human
disease. Nat Rev Genet 6: 389–402.
45. Howell N, Kubacka I, Mackey DA (1996) How rapidly does the human
mitochondrial genome evolve? Am J Hum Genet 59: 501–509.
46. Parsons TJ, Muniec DS, Sullivan K, Woodyatt N, Alliston-Greiner R, et al.
(1997) A high observed substitution rate in the human mitochondrial DNA
control region. Nat Genet 15: 363–368.
47. Howell N, Smejkal CB, Mackey DA, Chinnery PF, Turnbull DM, et al. (2003)
The pedigree rate of sequence divergence in the human mitochondrial
genome: there is a difference between phylogenetic and pedigree rates. Am
J Hum Genet 72: 659–670.
48. Howell N, Chinnery PF, Ghosh SS, Fahy E, Turnbull DM (2000) Trans-
mission of the human mitochondrial genome. Hum Reprod 15 Suppl 2:
235–245.
49. Trifunovic A, Hansson A, Wredenberg A, Rovio AT, Dufour E, et al. (2005)
Somatic mtDNA mutations cause aging phenotypes without affecting
reactive oxygen species production. Proc Natl Acad Sci U S A 102: 17993–
17998.
50. Cummins J (1998) Mitochondrial DNA in mammalian reproduction. Rev
Reprod 3: 172–182.
51. Ekstrand M, Larsson NG (2002) Breeding and genotyping of Tfam
conditional knockout mice. In: Copeland WC, editor. Mitochondrial
DNA methods and protocols. Totowa (New Jersey): Humana Press. pp.
391–400.
52. Hancock DK, Tully LA, Levin BC (2005) A Standard Reference Material to
determine the sensitivity of techniques for detecting low-frequency
mutations, SNPs, and heteroplasmies in mitochondrial DNA. Genomics
86: 446–461.
PLoS Biology | www.plosbiology.org January 2008 | Volume 6 | Issue 1 | e100071
Purifying Selection in Mammalian mtDNA
